Introduction
Temperature and rainfall are generally used to delimit climatic zones in tropical regions since various impacts of rainfall regime have been observed over many regions of West Africa, which have different temperature variations [1] [2] [3] [4] [5] [6] . That implies (i) a relationship between the rainfall amount and temperature variations and (ii) delimitation of climatic periods using both variables [2, 7] . However, many classification tests commonly used to define climatic periods are often empiricism methods. Some of them are simple, flexible, and easy to use, as the method proposed by Moral [2] and applied by Lecordier [7] over the [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] period in a study case of the Lamto region (6.13 ∘ N; 5.02 ∘ W) in Côte d'Ivoire. This last author considered four months types, respectively, noted rainy month (r), wet month (w), dry month (d), and arid month (a) to define the annual cycle. For the mean 1962-1971 period, Lecordier [7] found five rainy months (April, May, June, July, and September), four wet months (March, August, October, and November), two dry months (February and December), and one arid month (January). Moral [2] also performed the annual pluviothermal index ( ) based on rainfall and temperature relationships. The climatic periods found with this method were coincident with other methods [8] .
Lamto is a regular subhumid region subdivided in four seasons [7] . This climate has great interannual variability [9] , which could influence physical and biological systems such as lengthening of the plant growing. The climate of Lamto, which is included in that of West Africa, is influenced by the tropical Atlantic sea surface temperature [10] [11] [12] and the El Nino-Southern Oscillation (ENSO) [13] [14] [15] . These ocean surface conditions associated with the atmospheric circulation influence the seasonal migration of the intertropical convergence zone (ITCZ) marked by the monsoon shift between two equilibrium positions at 5 ∘ N and 10 ∘ N [16] .
Advances in Meteorology
This last mechanism modulates the rainfall regime and induces a strong contrast between Sahel and Guinean regions. Lamto region plays an important role at the local and regional scale when considering the biodiversity and the socioeconomic aspects. This role is essential in the water, carbon, and energy exchanges between soil and atmosphere. Foley et al. [17] showed that terrestrial ecosystems could affect the climate, particularly through the vegetation and soils. Various authors [18] [19] [20] also studied the relationship between the vegetation and the climate, and provided scientific evidences of the impact of vegetation dynamics on the climate at different spatial and temporal scales. The vegetation recycles locally moisture through evapotranspiration, which is an essential component of the hydrological cycle and determines water vapor transfers [21] . In addition, a change in meteorological and hydrological variables affects the functioning and the structure of the terrestrial ecosystem and the plants phenology. Furthermore, Moorcroft [20] showed that these interactions appear at short time scales when carbon, water, and energy exchanges are considered and they involve an ecosystem modification for large time scales.
The Lamto region has 80% of moist savanna and 20% of forest. The consequences that could involve deforestation and bush-fire occurrences on its climate require particular attention and assessment. For example, Manzi [22] and Dubreuil et al. [23] show that the impact of human activities (deforestation) on climate results in a decrease in evapotranspiration due to increased albedo, reduced roughness, and leaf area. Such decrease also causes an increase in surface temperature. However, no prospective and diagnostic studies have been undertaken consequently about the climate of Lamto from 1983 up to today. This present work aims to update the studies about the climate variability at Lamto and its impacts on the vegetation and water resources over a 50-year period, from 1962 to 2011, using an empirical method based on the rainfall-temperature relationship defined by Moral [2] . This relation is not a simple proportionality relationship but the rainfall is a quadratic function of temperature. These two variables are measured at the Geophysical Station of Lamto. The 1962-2011 time series is divided into five decades (1962-1971, 1972-1981, 1982-1991, 1992-2001, and 2002-2011) . The geographical setting and the climate variables are briefly described in Section 2. Section 3 gives an evaluation of the composite index of Moral and the rainfall variability at different timescales. Section 4 outlines the interactions between the African Monsoon and the local climate variables, whereas the combined analysis of climate-vegetation is undertaken in Section 5. Finally, discussions and perspectives at a regional scale are provided in the Section 6.
Data and Methods
Lamto (5.02 ∘ W; 6.13 ∘ N) is located within the "V" Baoulé region of Côte d'Ivoire (Figure 1(a) seasons characterize the climate of Lamto [25] : a long dry season occurring in December-February, a long wet season during March-July, a short dry season in August, and a short wet season in September-November (Figure 1(b) ). The mean annual rainfall amount (∼1212 mm) is less than that of the neighboring synoptic stations mainly located in the southern rainforest or at the same latitude, as, for instance, Gagnoa where it reaches 1382 mm. Several variables (e.g., rainfall, temperature, sunshine, etc.) that influence the climate are recorded daily at Lamto. The daily database covers 50 years, from 1962 to 2011. Among these variables, only rainfall and temperature are used in this work. They represent weather Advances in Meteorology 3 parameters that show the climate variability in West Africa [3] . In the following sections, the daily variables are averaged to obtain monthly dataset.
The composite index [2] based on the rainfall-temperature relationship is used to characterize climate type at Lamto. Moral [2] showed that the rainfall-temperature is not a simple proportionality relationship. He supposed that evaporation, which indicates the water requirements, does not vary as temperature. Then, he supposed that the rainfall efficiency is a quadratic function of temperature. Equation (1) summarizes this empirical relationship in which is the rainfall threshold between wet and dry seasons. represents the mean annual temperature calculated from the period considered. Then, an annual pluviothermal index ( ) is calculated following (2) . In this last relation, and are the mean annual rainfall and temperature, respectively
, where is the total number of years and the total rainfall in a year, and = (1/ ) ∑ =1 , where is the total number of years and , the mean temperature in a year. A value of = 1 represents the limit between wet tropical area and dry tropical area in West Africa. Different ranges of this pluviothermal index illustrate the localization of the given region. (A classification of different areas in Africa using the annual pluviothermal index is given in the work of Moral [2] . For a desert area, ≤ 0.25. For a subdesert area, 0.25 < ≤ 0.5. For an arid area, 0.5 < ≤ 1. For a subhumid area, 1 < ≤ 2. For a humid area, 2 < ≤ 3. For a rainy area, > 3.) could also be evaluated for a given year if the calculation is made yearly. In this case, is the mean annual temperature and is the annual rainfall amount. Four months categories, respectively, noted by rainy month (r), wet month (w), dry month (d), and arid month (a) are considered to define the annual cycle. The rainfall threshold that characterizes each type is given by the following empirical equations (3)- (5): (i) rainy month/wet month:
(ii) wet month/dry month:
(iii) dry month/arid month:
For example, a given month with a temperature of about 30 ∘ C could be included in the rainy month category if ≥ 150 mm, or in the wet month category if 80 mm ≤ < 150 mm, or in the dry month category if 25 mm ≤ < 80 mm, or finally in the arid month category if < 25 mm.
The mean atmospheric level reached by the monsoon flow and the associated mean atmospheric depth are depicted by using the monthly meridional wind field from 1000 hPa to 700 hPa. This variable is extracted from the National Center for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis [26] for the same period as that of the rainfall data. Monthly meridional wind data are reported on a 2.5 ∘ × 2.5 ∘ grid. Potential evapotranspiration (PE) is also used to study the interaction between the vegetation and the climate at Lamto. PE is calculated through (6) [27] during 1969 and 2001-2011 periods, instead of (1) the Penman-Monteith method [28] that is physically reasonable [29] but needs some parameters not recorded at Lamto and (2) the thornthwaite [30] method, which overestimates the impact of surface temperature on evaporation and leads to an unrealistic increase in drought frequency [29, 31, 32] 
where PE is in mm, is temperature in ∘ C, is the energy of solar radiation (in cal/cm 2 /day) that reaches the ground, and ℎ and are in hour. is the length of the day from sunrise to sunset and ℎ is the length of insolation. The factor (50− )/70 is taken into account only if the relative humidity is less than 50%. As is higher than 50% at Lamto, this factor is neglected. Figure 2 shows the interannual variability of and the limits (∼1 and ∼2) of this index for which Lamto could be localized in the arid, subhumid, or humid region. The interannual variability of the rainfall-standardized anomalies is also plotted. This last variable shows a good agreement with , implying that one of these parameters (e.g., standardized anomaly or ) could be used to study the rainfall variability at Lamto. However, has the advantage to allow classifying Lamto in one of the climate areas; this constitutes one of the main objectives of this present work.
Climate Variability at Lamto
Most of the years have values ranged between 1 and 2. That is in agreement with the results found in the decadal calculations. Nine years (1962, 1963, 1966, 1968, 1979, 1988, 1989, 2007 , and 2010) allow including Lamto within the humid region (e.g., > 2) even if it is generally localized in the subhumid area when looking at the remaining 41 years for which ≤ 2. The years with > 2 represent abnormal periods during which the rainfall amount was exceptionally high, particularly the most wet year 1968 ( ∼ 2.55). The low values of are found in 1969 (∼1.30) and 1983 (∼1.11). Kouadio et al. [3] noted that the years 1968 and 1983 experienced, respectively, flood and severe drought phenomena in West Africa. The climate conditions during these two years are known to be related to the abnormal heating of the tropical Atlantic Ocean (for 1968) and to the El-Niño (for 1983) [10] . The flood during 1968 was associated with positive SST anomalies (>1.5 ∘ C) trapped along the equator in the core of Gulf of Guinea. That warm event followed a relaxation of the western equatorial wind [10] . In the case of drought in 1983, the trades were very weak in the central part of the equatorial Pacific from mid-1982 to mid-1983, which corresponded to the mature phase of the El Niño. At the same time, the westerly wind at 200 hPa increased while the easterly winds at 850 hPa were stronger than normal above the equatorial Atlantic. This climate conditions persisted in July 1983 and encouraged the cooling of the tropical Atlantic Ocean due to strong trades [33] . This abnormal situation implied a decrease in convective activity with a drought over West Africa.
Low fluctuations of observed during 1969-1978 and 1990-1998 periods could be related to rainfall deficit. For instance, Le Barbé et al. [34] showed that the rainfall deficit occurring during 1969-1978 caused drought and famine in the Sahel. This deficit also extended to the West African coastal region. Many authors [34] [35] [36] [37] [38] also discussed the rainfall deficit observed during 1990-1994, which is included in the 1990-1998 dry period. They found that the socioeconomic impact of this last climate situation was similar to that of 1969-1978.
The 1962-2011 period is divided into five decades that are 1962-1971, 1972-1981, 1982-1991, 1992-2001, and 2002-2011 since the West African rainfall is characterized by strong variability, both at decadal and interannual scales [39] . This subdivision allows (i) understanding the climate variability of this region and (ii) looking at if the decadal changes are related to recent climate variations. Table 1 presents some of the variables ( , month category) performed in Section 2.
The mean pluviothermal index ( ) during the entire 1962-2011 period is equal to 1.71. That could imply the localization of Lamto within the subhumid area. When considering each decade, the same conclusion could be made. The higher value of (∼1.90) in 1962-1971 shows that this decade was the most wet during the studied period. It indicates that Lamto was very close to humid region because this index is practically equal to 2. Such result is already mentioned by some authors for the Sahelian region [40] and for the entire West African region [6] . The lowest value (∼1.57) of in 1992-2001 is consistent with a decrease in rainfall in West Africa during this period [3, 41, 42] [44] . These results are obvious since the increase (resp., decrease) of rainfall is related to cooling (resp., a warming) at Lamto. Such behavior of the rainfall and temperature during these decades could be related to human activities that locally contribute to this modulation. For example, a report of FAO [45] and Bertrand [46] argued that the human activities, which consist of deforestation and bushfire, are responsible for the rainfall decrease.
Global monthly classification during the 1962-2011 period (see Table 1 ) indicates three rainy months (AprilJune), four wetter months (March, July, and SeptemberOctober), and five dry months (November-February and August). No arid month is found if the entire period is considered. When looking on each decade, June, March, and February remain, respectively, rainy, wet, and dry months. The other months show a change in their category, depending on the local climate conditions during the decade. The number of rainy months decreases from the first decade (∼5) to the last decade (∼3) when the number of dry months rises from 2 to 4. The increase in dry months is due to August, which has begun drier during the last two decades.
Students -test of the mean annual rainfall (Table 2 ) and temperature (Table 3) is shown for a given decade and the following decades or the entire period. Non-significant differences are found for the mean annual rainfall for most of decades. That illustrates a constant rainfall regime in this region even if some years could be abnormally humid or dry for a given decade. The present remark will be discussed in the following paragraph. Advances in Meteorology (see Figure 2) whereas Student -test for 2002-2011 implies an increase in rainfall. In the case of the temperature (see Table 3 ), the first two decades (1962-1971 and 1972-1981) give a significant negative value in the following decades. This indicates that they are the coolest periods of the time series. However, the significant positive value found for the 1992-2001 decade is related to abnormal warming that is already discussed in the previous paragraphs.
A complementary analysis of the interannual study is now provided by using a statistical diagnostic based on the linear regression by the least squares fit [47] . This method is used to objectively detect one or more tendency breaks in the rainfall and temperature time series and when they occur. Figure 3 displays every possible cumulative rainfall (Figure 3(a) ) and temperature (Figure 3(b) ) change and the corresponding confidence Students -test during each time segment from a 2-year to a 50-year period (e.g., the total length of the available time series). The cumulative changes (in mm for rainfall and in ∘ C for temperature) are obtained when multiplying the coefficient of the linear trends by the length of the time series. For example, if the rainfall is considered (see Figure 3 
Influence of the West African Monsoon
Burpee [48] and Dhonneur [49] provided a diagram of the meridional structure of the atmosphere over West Africa and the associated five climatic zones, respectively, noted by A, B, C1, C2, and D (Figure 4 ) according to the seasonal migration of the intertropical convergence zone (ITCZ). When looking at this diagram, Côte d'Ivoire is located both into the zones D and C2. Particularly, Lamto is included into the zone D that (1) borders the tropical Atlantic Ocean and (2) is most influenced by moisture coming from the Ocean. The impact of the monsoon on this zone depends on the months during the seasonal cycle and could vary for particular years. This section outlines the impact of the West African monsoon on the climate variability at Lamto. Such study is undertaken by using the meridional wind from the NCEP-NCAR reanalysis data [26] . At the point closed to Lamto coordinates, the monthly atmospheric level reached by the monsoon flow coming from the ocean (South to North) is determined when the meridional wind direction changes from positive to negative value. The maximum level is fixed at 700 hPa since it is currently used to study easterly waves over West Africa [50, 51] . Figure 5 shows the climatology of the mean atmospheric level determined during 1962-2011. The lowest level values (∼ 860-890 hPa) are found from November to February. These months correspond to arid and dry periods (see Table 1 ). Two modes characterize the seasonal cycle. The first mode (∼795 hPa) is observed during May-June when the ITCZ is localized at the littoral coast. This period is related to the great rainfall season at Lamto and the littoral regions of Côte d'Ivoire [3] . The monsoon "jump" [16] occurs from June to July, and the mean atmospheric level reaches approximately 790 hPa in August that represents the second mode. During this last period, the ITCZ is at its most northward position over the continent. Such increase in the mean atmospheric level allows the monsoon flow penetrating far into the land. Figure 6 (a) illustrates the interannual variability of the mean atmospheric depth of the monsoon flow at Lamto. This depth is calculated from the difference between the ground (∼1000 hPa) and the high atmospheric level reached by the flow each month. The mean depth during the entire period is approximately 180 hPa. The mean depth ranges between 100 hPa and 200 hPa (e.g., 900 to 800 hPa for the levels) for almost all years except those of the first decade (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) and the 2007-2009 period where it reaches 300 hPa. An interesting observation is that, when the depth is greater than 250 hPa (that means an atmospheric level greater than 750 hPa), the pluviothermal index is also greater than 2 (see Figure 2) . Such mean depth threshold could be used in association with the pluviothermal index to yearly classify a region in a climate type. Figure 6 (b) shows the standardized anomalies of the mean depth and the regression linear fits during all decades. An increase in the mean depth during 1990-2001 and 2002-2011 is coincident with the rainfall increase in these decades. The correlation (∼0.40) between Ia and the annual standardized anomalies of the mean depth is significant at the 95% confident level with Student -test. It means that a high depth is related to a high rainfall amount. Such situation particularly occurs when Lamto is classified as a humid region. This could be explained by the fact that more humidity comes from the tropical Atlantic Ocean to the studied region and contributes to the rainfall increase. The periods for which standardized anomalies of the mean depth are closed or little to zero (e.g., a mean depth ranged between 100 hPa and 200 hPa) correspond to less penetration of the monsoon flow. This situation allows including Lamto into a subhumid or arid area, depending on the value of the pluviothermal index.
Interaction with the Vegetation at Lamto
Monthly variation of the potential evapotranspiration (hereafter PE) and the rainfall are analyzed during the year 1969 and the 2001-2011 period (Figure 7 ). These years represent periods during which sunshine, air temperature, and the relative humidity measurements are recorded at Lamto. Surprisingly, the year 1969 and the 2001-2011 period represent, respectively, a rainfall deficit and an increase in rainfall (see Figure 2) . Note that PE illustrates the water requirements of the climate since it influences the climate at global scale [52] . PE represents the sum of the direct evaporation from moist soils of various free ground waters and of the water vapor flux coming from the plant transpirations. It is also consistent with that of the whole North African monsoon precipitation [43, 44] and could represent a local manifestation of it. The low values of PE in the 2001-2011 period could result in the reduction of the turbulent exchange between the surface and the lower layers of the atmosphere. This could be also induced by the rainfall increase in the same period. Although the vegetation is under an ecological protection, the intensive deforestation since the first decade caused radical changes in Lamto environment. These human activities concern the expansion of crops and the development of extensive pastures. Such remark agrees with Freitas [53] who showed that the conversion of a tropical humid forest into pasture induces a reduction of 70-80% of the initial content of the biomass, which is necessary to PE increase. Another factor that could exacerbate the PE decrease is the surface roughness (not shown). The size of the vegetation at Lamto has not significantly increased since 1969s. This is due to the frequency of bushfires (Figure 8 ) and pasture development. These cause a decrease in the friction force and imply a reduction of the PE. That is concordant with Sud et al. [54] who showed that the vegetation height could affect the water vapor transport and the rainfall distribution.
Conclusion
This work aims to study the climate variability in West Africa and its impact on the vegetation at Lamto (6.13 It concerns rainfall and temperature relationships, the mean depth of the monsoon flow coming from the tropical Atlantic Ocean, and the potential evapotranspiration. The climate variability is studied by using an index ( ) based on a rainfall-temperature relationship defined by Moral [2] . A comparison between this index and the rainfallstandardized anomalies shows good agreement between these two variables. However, has an advantage to allow classifying Lamto into one of the climate regions, depending on the yearly value reached by this index. The interannual variability of indicates that nine years help to classify Lamto as a humid region. The climate conditions during the other years allow including Lamto into a subhumid region because the value ranged between 1 and 2 and even if a rainfall deficit is observed for some years. For example, the severe drought experienced in West Africa during 1983 ( ∼ 1.11) is related to El-Niño occurrence [10] . This local change of rainfall shows many similarities to the Northern African monsoon index [43, 44] . The impact of the West African monsoon on the climate variability at Lamto is also undertaken. It depends on the months during the annual cycle and could vary for particular years. The climatology of the atmospheric level reached by the monsoon flow shows that the lowest levels (∼860-890 hPa) are noted from November to February. A monsoon "jump" is observed from June to July, and the level reaches approximately 790 hPa in August.
The interannual variability of the mean atmospheric depth of the monsoon flow at Lamto ranged between 100 hPa and 200 hPa (∼900 to 800 hPa for the levels) for almost all years even reaching 300 hPa during the 1962-1971 and 2007-2009 periods. An interesting result is that the mean depth varies similarly with .
The monthly variation of potential evapotranspiration highlights the relationship between the vegetation and the climate at Lamto. It shows that the recent increase in rainfall during 2001-2011 could be related to the development of the vegetation and is also consistent with that of the whole North African monsoon precipitation [43, 44] .
The results of this paper show that it is possible, with long time series, to have significant information about (1) the climate classification and (2) the vegetation which impacts
